Although soybean seeds appear homogeneous, their composition (protein, oil and mineral concentrations) can vary significantly with the canopy position where they were produced.
211 Canopy position affects soybean seed protein, oil and mineral concentrations 212 We investigated positional effects with a core group of ten soybean lines (Supplemental Table   213 1) grown in Urbana, IL, over a 3-year period. Main stems were harvested at maturity and divided 214 into four canopy position quadrants ( Fig. 1) and the seeds collected from each quadrant were 215 analyzed separately for major storage products (protein and oil) and various minerals. 216 Representative results obtained for one cultivar ('Chamberlain') are presented in Fig. 2A with 217 full plots provides as Supplemental File 1. As shown, protein concentration increased with 218 node position at which seeds developed going from bottom to top of the mainstem while oil and 219 iron (Fe) concentration decreased. For both protein and oil, which are the major seed 220 constituents, there was variation in the absolute concentrations among the 3 years of study, but 221 general trends were similar. Differences in absolute concentrations among years were most 222 apparent for protein concentration with highest levels obtained in 2010 and lowest in 2011, 223 presumably reflecting the impact of weather on seed development and composition. Another 224 confounding source of variation for canopy position analysis is genotype, and Fig. 2B highlights 225 the substantial variation in absolute concentrations of seed constituents due to both genotype and 226 year. As expected, absolute concentrations of Mg, S, K, P and Ca were highest (> 1000 ppm); 227 Mn, Fe, Rb, and Zn were intermediate (10 to 100 ppm), and Na, Co, Ni, Cu, Sr, Mo, and Cd 228 were present at trace levels (< 10 ppm).
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In order to compare positional effects for various parameters across genotypes and years 230 without the confounding effects of differences in absolute values, we normalized each canopy 231 gradient to a mean value of one and the values for each quadrant were then expressed relative to 232 the normalized mean. However, because the weather in each year of the study differed 233 ( Suppleemntal Table 2 ), the normalized results for each parameter are presented separately for 234 each year. Across the 10 soybean lines, oil concentration decreased progressively from bottom 235 to top of the canopy and was associated with a reciprocal increase in protein concentration ( Fig.   236 3A) . Protein and oil concentrations in soybean seeds are usually inversely related (Wilcox 1998) 237 and this was apparent with variation within the canopy as well. Single seed weight (designated as 238 sample weight in Fig. 3A ) varied with canopy position with seed produced in the middle portion 239 tending to be slightly heavier than seeds produced at either the bottom or top of the canopy; 240 however, the storage product gradients were independent of seed weight variation. Storage 241 product gradients did not vary significantly across the three years of the study; however, absolute Manuscript to be reviewed 242 protein and oil concentrations varied among the three years of the study (Figure S1 ), This is 243 perhaps a result of weather that differed substantially in terms of temperature and precipitation 244 among the three growing seasons ( Supplemental Table 2 ). 245 We also found that canopy position significantly affected the seed ionome, which comprises 246 all of the minerals and trace elements found in mature seeds ( Fig. 3B and Supplemental File 2). 247 It is interesting to note that while Rb is a chemical 263 analog of K and the two are often closely correlated (Baxter 2009 ), that was not the case for 264 soybean seeds where significant position effects on Rb were observed ( Fig. 3B) but not for K 265 (see Supplemental file 2) It is also noteworthy that 2010 was the one year where mineral 266 profiles were often distinct from those in 2011 and 2012. All three years were above normal in 267 terms of temperature, but 2010 was the only year with above normal precipitation. Thus, water 268 availability may be a major environmental factor impacting positional effects on the seed 269 ionome, and interestingly some minerals were affected (Ca, Mn, Cu, Zn, Sr) while others (Mg, 270 Fe, Co, Rb, Cd) were not. We also measured other minerals (B, Na, Al, P, S, K, Ni, As, Se and 271 Mo) that did not show statistically significant variation with nodal position and are presented in 
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In addition to comparing parameters based on quadrant variation, it is also worthwhile to 292 compare plot averages, which will reflect genetic and environmental effects on absolute values 293 of the parameters. Figure 4B shows a matrix plot of correlations between plot means. Compared 294 to the corresponding plot that focused on quadrant variation (Fig. 4A) , many more strong 295 correlations were apparent when comparing plot means. For example, protein concentration was 296 positively correlated with S and Zn (and more weakly with Fe). The correlation with S is 297 expected as the total seed S has been shown to track closely with high cysteine-and methionine-298 containing proteins in the soybean seed (Krishnan et al. 2012 ). The correlations between protein 299 content, Zn and Fe could be due to their primary role as cofactors of metalloproteins or to 300 variations senescence in leaves leading to nutrient remobilization (Uauy et al. 2006 ). 301 Accordingly, there was a significant negative correlation of Fe, S, and Zn with oil concentration. 302 Interestingly, there was also a strongly significant negative correlation of P with oil, whereas the 303 positive correlation of P with protein concentration was relatively weak. The majority of mineral Manuscript to be reviewed 304 correlations were positive in nature, with a maxi-cluster of Rb, Mn, Sr, Mg, Ni, and Na and a 305 mini-cluster of Fe, Cu and Zn. The mini-cluster pairs of Fe-Cu and Cu-Zn were noted in the plot 306 of Fig. 4A , but several members of the maxi-cluster correlation were not reported in the plot 307 normalized correlation matrix. For example, Mn and Mg concentrations did not relate to each 308 other in terms of quadrant variation but were strongly positively correlated based on plot means, 309 indicating that mineral uptake may be similar but allocation among seeds in different quadrants 310 is controlled separately. Finally, P concentration exhibited a positive correlation with Mn, Fe, 311 Cu, Zn, S and Co. The link among P and Zn, S and Co concentrations with quadrant variation 312 was observed (Fig. 4A) , but when analyzed in terms of plot means in Fig. 4B the association of 313 P with Mn, Fe, and Cu became apparent as well. It is worth noting that in terms of plot means, 314 there was no association between Ca and Sr suggesting that these chemical analogs do not 315 always behave similarly. There was one also a strong negative correlation between Mo and Sr, 316 and Mo and S, perhaps suggesting a common component(s) of the uptake system. Readers can 317 explore all of the correlations and the underlying data in using Supplemental Files 3,4 and 5.
318 Canopy microenvironment impacts seed composition 319 Our understanding of the environmental factors responsible for the positional effects on seed 320 composition is limited; however, many microclimatic factors vary from the top to the bottom of 321 the closed soybean canopy (Baldocchi et al. 1983) . Environment is well known to impact 322 soybean seed protein and oil composition (Rotundo & Westgate 2009 ). Therefore, we conducted 323 experiments to broadly evaluate microclimatic differences within the canopy by thinning plants 324 at flowering to remove the influence of neighboring plants. Removal of neighboring plants 325 increased protein concentration at the expense of oil in seeds throughout the canopy of the 326 spaced plants but the changes were greatest in pods lower on the main stem. As a result, the 327 thinning treatment reduced the positional effect on protein and oil by 50-60% (Fig. 5A) . 328 Increased light energy to drive photosynthesis at most leaf positions and increased temperature at 329 lower positions could both favor increased protein accumulation at lower nodes thereby reducing 330 the difference between top and bottom seeds. However, while thinning significantly altered the 331 main stem gradients in major storage products there was relatively little effect on minerals. As 332 shown in Fig. 5B , the canopy positional effect on Mg, Fe and Cu was unaltered by the thinning 333 treatment whereas Ca and Sr were similar to one another and showed a significant effect of 334 thinning but only in one of the two test years (2010). The general conclusion is that thinning 335 affects the canopy positional effect on some but not all minerals. This suggests that at least for 336 Mg, Fe and Cu, the transport and homeostasis mechanisms are generally independent of 337 instantaneous environmental factors and the transport of sucrose and amino acids into the 338 developing seeds is not the sole factor driving their movement into seeds. 339 340 Seed fill period and seed composition 341 Another factor that could contribute to canopy position effects on seed composition is the 342 duration of the seed-fill period (SFP), which is affected by genetic and environmental factors and 343 is one of the major determinants of yield potential in soybean (Evans et al. 1995) . Soybeans 344 flower in response to photoperiod and the first flowers form lower in the canopy followed by 345 flowering at upper nodes. Pods then form in the same order and when fully elongated the 346 process of seed development is considered to begin when seeds are approximately 0.34 347 centimeter long (by visual inspection). In general, seeds lower in the canopy fill over a longer 348 period but at a lower rate compared to seeds at the top of the canopy (Raboy & Dickinson 1987) 349 so that at maturity, final seed size tends to be rather constant through the canopy rather than 350 increasing progressively from bottom to top of the canopy. We measured the SFPs with our core 351 group of ten lines and found substantial differences in SFPs at the bottom and top of the canopy 352 ( Supplemental Table 3 ). Top SFP was generally correlated with bottom SFP, as would be 353 expected, but the difference in SPF (bottom -top position) was not correlated with the canopy 354 gradients of protein, oil, or Fe (Fig. 6) . Therefore, factors other than the duration of the SFP are 355 responsible for the documented variation in composition with nodal position.
356 357 Iron concentrations of soybean seed products 358 Our results raise the question of whether soy food products made from seed from different 359 portions of the canopy would vary in terms of their mineral concentrations. Three of the most 360 common and simplest products to make from soybean seeds are flour, milk and okara (the 361 particulate material remaining after preparation of milk). Because Fe is one of the most critical 362 minerals to human health and anemia is a global epidemic, we focused our initial analysis on the 363 Fe content of these soy food products. We prepared flour from seven lines, and milk and okara 
